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[1] The Cloud Absorption Radiometer (CAR) was flown aboard the University of
Washington Convair CV-580 research aircraft during the Southern Africa Regional
Science Initiative 2000 (SAFARI 2000) dry season campaign and obtained measurements
of bidirectional reflectance distribution function (BRDF) for a variety of natural surfaces
and ecosystems in southern Africa. To measure the BRDF of the surface–atmosphere
system, the University of Washington CV-580 banked at a roll angle of �20� and flew
circles about 3 km in diameter above the surface, taking approximately 2 min. Multiple
circular orbits were acquired over selected surfaces so that average BRDFs could be
acquired, smoothing out small-scale surface and atmospheric inhomogeneities. In this
paper, we present results of BRDFs taken over two Earth Observing System (EOS)
validation sites: Skukuza tower, South Africa (25.0�S, 31.5�E) and Mongu tower, Zambia
(15.4�S, 23.3�E). Additional sites are discussed and include the Maun tower, Botswana
(20.0�S, 23.6�E), Sua Pan, Botswana (20.6�S, 25.9�E), Etosha Pan, Namibia (19.0�S,
16.0�E), and marine stratocumulus clouds off the west coast of Namibia (20.5�S, 13.1�E).
Results clearly show anisotropy in reflected solar radiation over the various surfaces types:
savanna, salt pans, and cloud. The greatest anisotropy is observed over marine stratus
clouds, which exhibit strong forward scattering as well as important water cloud scattering
features such as the rainbow and glory. The BRDF over savanna is characterized by a
distinct backscattering peak in the principal plane and shows directional and spectral
variations. Over the pans, the BRDF is more enhanced in the backscattering plane than
forward scattering plane and shows little directional variation. INDEX TERMS: 0315
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1. Introduction

[2] This paper discusses measurements of surface aniso-
tropy for different surfaces and ecosystems in southern
Africa obtained with NASA’s Cloud Absorption Radiometer
(CAR) aboard the University of Washington Convair CV-

580 research aircraft. The measurements were obtained
during the Southern Africa Regional Science Initiative
2000 (SAFARI 2000) dry season campaign between 10
August and 18 September 2000 [Swap et al., 2002].
[3] The properties of anisotropically scattering surfaces in

the reflection of solar incident light is described and
specified by the bidirectional reflectance distribution func-
tion (BRDF). The BRDF provides a way of geometrically
and quantitatively expressing the connection between radi-
ance reflected from a location into a given direction and the
incident irradiance at that location arriving from some other
direction (including, in the case of retroreflection, the same
direction) [Nicodemus et al., 1977]. The BRDF is needed in
remote sensing for the correction of view and illumination
angle effects, for example, in image standardization and
mosaicing [Wu et al., 1995; Li et al., 1996; Strahler et al.,
1996a]. It is also needed for deriving surface albedo
[Wanner et al., 1995; Lewis, 1995; Strahler et al., 1996b;
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Leroy et al., 1997]. Since albedo is an angular-weighted
integration of reflection function over a hemisphere, the
acquisition of radiometric measurements at different angles
may improve its accuracy [cf.Kimes et al., 1987]. Accurate
albedo measurements are not only important for assessing
the role of albedo in energy balance schemes [Kustas et al.,
1989] but are also important for accurate weather and
climate modeling [e.g.,Dickinson et al., 1990; Lean and
Rowntree, 1997]. Some studies have shown that the BRDF
can be used to improve land cover classification [Cihlar et
al., 1994;Gutman, 1994;Moody and Strahler, 1994;Wu et
al., 1995], for cloud detection [DiGirolamo and Davies,
1994;d’Entremont et al., 1996;Leroy et al., 1997], and for
atmospheric correction [Kaufman, 1989]. This underpins
the importance of BRDF measurements, a fact recognized
more than three decades ago [Salomonson and Marlatt,
1968, 1971].

[4] The CAR [King et al., 1986] flying aboard the
University of Washington aircraft has provided a conven-
ient and efficient means of obtaining complete BRDFs for
several surfaces types at a landscape level. Figure 1
shows the location of all sites for which CAR BRDF
measurements were obtained throughout the SAFARI
2000 dry season campaign. In addition to these observa-
tions, CAR BRDF measurements have previously been
obtained of a smoke layer from the Kuwait oil fires at
0.75 and 1.64� m [King, 1992], cerrado, dense forest, and
smoke from forest fires in Brazil [Tsay et al., 1998], the
Saudi Arabian desert, forested wetland (Great Dismal
Swamp), and ocean water containing Sun glint over the

Atlantic Ocean and the Persian Gulf [Soulen et al., 2000],
and four common arctic surfaces (snow-covered sea ice,
melt-season ice, snow-covered tundra, and tundra shortly
after snowmelt) [Arnold et al., 2002]. In this paper, we
discuss BRDF measurements of various surfaces through-
out southern Africa, including savanna, salt pans, and
marine stratocumulus clouds off the coast of Namibia.
More importantly, this paper examines the sensitivity of
atmospheric correction to errors in aerosol optical depth
and its angular dependence.

[5] The remainder of this paper is organized into four
sections. Section 2, the theory, discusses the principal
approach and formulation used to compute BRDF, while
section 3 focuses on the instrument, calibration, BRDF
measurement method, and atmospheric correction. Section
4 presents our results of the spectral BRDF and is themati-
cally arranged to reflect similarities of the surfaces types:
savanna, salt pans, and clouds. Section 5 concludes with a
summary of the study.

2. Theory

[6] The bidirectional reflectance distribution function
(BRDF) gives the reflectance of a target as a function of
illumination geometry and viewing geometry, hence carries
information about the anisotropy of the surface. It depends
on wavelength and is determined by the structural and
optical properties of the surface, such as shadow-casting,
multiple scattering, mutual shadowing, transmission,
reflection and absorption by surface element facet orienta-

Figure 1. Locations of airborne measurements of BRDF obtained during the SAFARI 2000 field
experiment from 12 August to 16 September 2000 using NASA�s CAR. The background image on which
the BRDF locations are mapped is a color composite of MODIS surface reflectance produced from
atmospherically corrected 8-day MODIS reflectance data product.
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angles for source and view directions, and hence, yield only
average values over the angular intervals. The definition of
R� in (1) assumes a single direction for irradiance and
reflectance over an area of a uniform and isotropic surface.
This is the equation we have used to compute the BRDF
discussed in this study.

[9] From the BRDF, we can derive the spectral albedo r� ,
the radiance reflected from the surface into all viewing
directions and solid angles, by integrating the reflection
function over solid angle. Hence, (1) becomes

r � �
1
�

� 2�

0

� � � 2

0
R� � � � 0� �� � cos� sin� d� �

�
1
�

� M

i� 1

� N

j� 1
I � � � � 0� � j

� �
cos� i sin� i � � i � � j � �2�

where (i,j) are indices for discretization of� and� over the
hemisphere. In the present study we will not present albedo
calculations, but will leave such comparisons with the

spectral albedo from the Solar Spectral Flux Radiometer
(SSFR) onboard the Convair CV-580 [King et al., 2003] and
other related instrumentation during SAFARI 2000 to a
future study.

3. Measurement Methods
3.1. Description of the Instrument

[10] In the past, we described the CAR [King et al.,
1986], but the instrument has recently undergone several
upgrades that include (1) adding and/or substituting optical
channels to suit specific experimental objectives and (2)
replacing the data system with a new data system with
onboard signal digitization at 16 bit dynamic range and with
improved signal-to-noise characteristics (see www.car.gsfc.
nasa.gov for further details). Since these upgrades have not
been described previously, we provide a short overview of
the instrument in its present configuration.

[11] The CAR (Figure 2) is an airborne multiwavelength
scanning radiometer that can perform several functions
including (1) determining the single scattering albedo of

Figure 4. Angular distribution of bidirectional reflectance function in the principal plane (i.e., the
vertical plane containing the Sun) for measurements taken over Skukuza, South Africa (25.0� S, 31.5� E)
to demonstrate the uncertainty associated with atmospheric correction. (a) No atmospheric correction
has been applied. (b) Atmospheric correction has been applied for� 0 = 67.8� , � a

total(0.550) = 0.22, and
O3 = 300 m atm cm, where� a(0.550) = 0.07 and H2O = 0.94 g cm� 2 below the plane. We have
assumed a bimodal aerosol size distribution with complex index of refraction, n(� ) = 1.51�0.021i. (c)
Difference in reflectance between atmospheric correction below the plane of� a(� ) = 0.07 and� a(� ) =
0.09. (d) Same as (c) but difference in reflectance between� a(� ) = 0.07 and� a(� ) = 0.05. (e) Same as
(b) but difference in reflectance between� a(� ) = 0.07 and� a(� ) = 0.0 for the total column.
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note that the calibration ratios, postflight/preflight, vary
between 1.048 (at� = 0.340� m) and 1.292 (at� = 1.556� m).

[17] For the spectral calibration, all spectral bands were
scanned with a monochromator illuminated with a tung-
sten�halogen lamp. The monochromator output was colli-
mated and expanded to full input pupil of the CAR, and the
beam was chopped to allow use of phase-sensitive signal
detection. From these measurements, we determined the
instrument system spectral response, central wavelengths,
and corresponding spectral band pass characteristics at each
of the 14 spectral channels.

3.3. Measurements of BRDF
[18] To measure the BRDF of the surface�atmosphere

system, the aircraft flew at a roll angle of� 20� flying in a
circle about 3 km in diameter above the surface, taking
roughly 2�3 min to complete an orbit (see Figure 3). The
SAFARI 2000 measurements were generally obtained at an
altitude of � 600 m above the targeted surface and under
clear sky conditions. Therefore, at a 1� IFOV the pixel
resolution is about 10 m at nadir and about 270 m at an 80�
viewing angle from the CAR. Multiple circular orbits were
acquired over a selected surface so that average BRDFs

average out small-scale surface and atmospheric inhomoge-
neities. With this configuration, the CAR collects between
76,400 and 114,600 directional measurements of radiance
per channel per complete orbit.

[19] We believe using the CAR in this manner is the most
mobile and efficient way of measuring a complete surface
BRDF, but it is still necessary to correct for atmospheric
scattering effects both above and below the aircraft in order
to isolate the reflectance properties of the underlying surface
in the absence of an atmosphere.

3.4. Atmospheric Correction
[20] We removed the effects of atmospheric absorption

and scattering from our bidirectional reflectance functions
using a new version of the second simulation of satellite
signal in the solar spectrum (6S) model [Vermote et al.,
1997]. The 6S code is a radiative transfer model based on
the successive orders of scattering method. The spectral
resolution of the model is 2.5 nm, and the aerosol layer is
divided into 13 layers with a scale height of 2 km. The
model assumes the atmosphere consists of fixed gases: O2,
O3, H2O, CO2, CH4, and N2O. The concentration of O2,
CO2, CH4, and N2O are assumed to be constant and

Figure 6. Spectral BRDF for selected CAR channels obtained over Skukuza, South Africa (25.0� S,
31.5� E) in late winter conditions (29 August 2000). In all polar plots, the viewing zenith angle is
represented as the radial distance from the center and the azimuth as the length of arc on the respective
zenith circle. The principal plane resides in the 0� �180 � azimuthal plane with the Sun located in the 180�
azimuthal direction and is shown to the right of the polar plots. With this definition, the upper half circle
represents forward scattering and the lower half circle backscattering. Atmospheric correction was
applied using the following inputs: solar zenith angle� 0 = 67.23� , total column� a(� ) = 0.22 (� a(� ) = 0.15
above the plane,� = 0.550� m), and total column H2O = 1.64 g cm� 2 (H2O = 0.73 g cm� 2 above the
plane). Other input parameters required for performing correction are as specified in Figure 4b.
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gates create sufficient small-scale surface roughness that
results in a dominant backscattering effect in the soil BRDF
pattern. Soil spectral reflectance is controlled by other
factors as well, including soil particle size, texture, organic
matter, clay, iron content, soil moisture, and surface rough-
ness. These properties determine not only the magnitude of
the spectral reflectance but also the position and depth of
spectral absorption features. Soil reflectance tends to
increase steadily from about 0.2 in the visible and rarely
exceeds 0.5 in the near infrared [Nolin and Liang, 2000].
Since the measured reflectance of the pan is in the range
0.2–0.6, we think that the salt pans are dominated by highly
reflecting soil aggregates with very little organic matter.
[33] Figure 11 shows the BRDF of the Sua Pan (20.6�S,

25.9�E) and a transect through the principal plane for eight
discrete wavelengths between 0.34 and 1.27 mm. The
measurements reported here were obtained from 0949 to
1000 UTC for solar zenith angle q0 = 28.47�. The BRDF
pattern of Sua Pan is very similar to Etosha’s enhanced
reflectance in the backward scattering direction. The feature
between �10� and + 10� in the principal plane is a result of
surface inhomogeneity that we were unable to avoid during
our measurements.

4.3. BRDF of Marine Stratocumulus Offshore
of Namibia

[34] The marine stratocumulus clouds off the western
coast of southern Africa are layered clouds, associated with
subtropical anticyclonic subsidence and cold water upwell-
ing along the Benguela current [Platnick et al., 2000].
These clouds are characterized by a well-defined cloud
top height corresponding to a strong boundary layer inver-
sion (Figure 5f ). These clouds are impacted by both natural
(sulfur from phytoplankton DMS production and decay

processes) and anthropogenic sources (industrial and fire
emission products) that can influence the clouds micro-
physical and optical properties, an effect that is not quanti-
tatively well understood.
[35] Figure 12 shows the BRDF of marine stratus clouds

and a transect through the principal plane of these clouds for

Figure 10. Spectral BRDF for selected CAR channels
obtained over Etosha Pan (19.0�S, 16.0�E) in late winter
conditions (16 September 2000). Atmospheric correction
was applied using the following inputs: solar zenith angle
q0 = 32.72�, total column ta(l) = 0.38 (ta(l) = 0.27 above
the plane, l = 0.550 mm), and total column H2O = 1.13 g
cm�2 (H2O = 0.84 g cm�2 above the plane). Other input
parameters required for performing correction are as
specified in Figure 4b.

Figure 11. Spectral BRDF for selected CAR channels
obtained over Sua Pan, Botswana (20.6�S, 25.9�E) in late
winter conditions (3 September 2000). Atmospheric
correction was applied using the following inputs: solar
zenith angle q0 = 28.47�, total column ta(l) = 0.69 (ta(l) =
0.43 above the plane, l = 0.550 mm), and total column
H2O = 1.04 g cm�2 (H2O = 0.46 g cm�2 above the plane).
Other input parameters required for performing correction
are as specified in Figure 4b.

Figure 12. Spectral BRDF for selected CAR channels
obtained over marine stratocumulus off the Skeleton
coastline in Namibia (20.5�S, 13.1�E) in late winter
conditions (13 September 2000). Atmospheric correction
was applied using the following inputs: solar zenith angle
q0 = 33.82�, total column ta(l) = 0.54 (ta(l) = 0.44 above
the plane, l = 0.550 mm), and total column H2O = 0.86 g
cm�2 (H2O = 0.84 g cm�2 above the plane). Other input
parameters required for performing correction are as
specified in Figure 4b.
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eight discrete wavelengths between 0.34 and 1.27 mm.
These measurements were obtained off the Namibian coast
(20.5�S, 13.1�E) between 1228 and 1252 UTC for solar
zenith angles 31� < q0 < 36�. Note the expanded scale of the
color bar and reflectance axis, enabling more features and
structure to be discerned. Visible in these BRDF observa-
tions for all spectral channels are pronounced circular
brightness features, the rainbow and glory. These single
scattering features are more distinct at 0.682 and 0.870 mm,
and only barely visible at 0.340 mm, perhaps due more to
lack of contrast perception. Looking at the angular distri-
bution of BRDF in the principal plane (Figure 12i), we note
that the primary rainbow has a peak at approximately �75�
and +10�, corresponding to �42� from the antisolar direc-
tion characterized by the glory feature. The magnitude of
reflectance in all spectral channels is between 0.5 and 0.9.
[36] Observations of the glory in both visible and near-

infrared wavelengths have good potential as an approach to
measuring cloud top droplet size through remote sensing.
Spinhirne and Nakajima [1994] show a direct dependence
of the glory-scattering angle on effective particle radius near
the cloud top. The important and relevant characteristic is
that the measurements would be unquestionably accurate
and unambiguous. Our data along with coincident cloud
microphysics and other measurements from SAFARI 2000
experiment (see Appendix A by P. V. Hobbs in the work of
Sinha et al. [2003]) [King et al., 2003] should enable us to
conceive interesting analyses and applications for radiation
and remote sensing problems.

5. Conclusions

[37] Between 12 August and 16 September 2000, the
CAR onboard the University of Washington Convair CV-
580 research aircraft obtained measurements of surface
bidirectional reflectance of savanna, salt pans, and strato-
cumulus clouds throughout southern Africa as part of
SAFARI 2000. To measure the BRDF of the surface–
atmosphere system, the CV-580 had to bank at a comfort-
able roll angle of �20� and fly in a circle about 3 km in
diameter above the surface for roughly 2 min. Multiple
circular orbits were acquired over selected surfaces so that
average BRDF smoothed out small-scale surface and atmos-
pheric inhomogeneities. In this paper we presented results
of BRDFs obtained over two EOS validation sites: Skukuza
tower, South Africa (25.0�S, 31.5�E) and Mongu tower,
Zambia (15.4�S, 23.3�E). Additional sites are discussed and
include the Maun tower, Botswana (20.0�S, 23.5�E), Sua
Pan, Botswana (20.6�S, 25.9�E), Etosha Pan, Namibia
(19.0�S, 16.0�E) and marine stratus clouds off the west
coast of Namibia (20.5�S, 13.1�E). The data presented in
this paper have been corrected for atmospheric scattering
and absorption using the 6S radiative transfer model.
[38] Results clearly show marked anisotropy in reflected

solar radiation over various surfaces types, including sav-
anna, salt pans and marine stratocumulus clouds. The
greatest anisotropy in scattered radiation was observed over
marine stratus clouds, and was characterized by strong
forward scattering as well as water cloud scattering features
in the backscattering direction, such as the rainbow and
glory. The BRDF over savanna is characterized by a distinct
peak in the antisolar direction whose magnitude and loca-

tion in the principal plane depend on the solar zenith angle.
The BRDF also shows distinct directional variations. Over
salt pans, the BRDF is more enhanced in the backscattering
plane than forward scattering plane and shows little direc-
tional variation. The pans show optical characteristics that
are suggestive of highly reflecting soil aggregates with very
little organic matter.
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